The effects of Fe, Mn and Fe/Mn-combined additions on the refinement of the spheroidized semi-solid -Al grains in the wrought aluminum 6000 based alloy was investigated. The semi-solid microstructure control of Al-1.2%Mg-1.3%Si based alloys with Fe (1.0 mass%), Mn (0.7 mass%) and Fe/Mn-combined (1.0/0.7 mass%) additions was studied by the Deformation Semi-Solid Forming (D-SSF) process. This process consists of high deformation before semi-solid heating in order to introduce high density of dislocations and fragmentation of intermetallic compounds. Various second phase particles strongly affect the resultant -Al grain size. The deformation process of the Fe-added alloy with a low rolling ratio produces fine -Al grains with an average size of 76 mm, which is apparently smaller than that of the Fe-free alloy with an average -Al grain size over 100 mm. The Mn addition required a high deformation ratio to achieve an average -Al grain of 85 mm. The combination of Fe and Mn additions produces the finest grain size of 64 mm. The morphology of the Fe-intermetallic compound in the semi-solid forming process can be controlled by the cooling rate and Mn addition. The D-SSF process is a promising process to modify the harmful Fe impurity into the useful intermetallic compounds.
Introduction
A semi-solid metal forming process is a manufacturing process of alloys in the semi-solid state, which consists of globular solid grains in the liquid phase at the temperatures between solidus and liquidus. The unique characteristics of the semi-solid forming process enable the opportunity to produce high quality products with high mechanical properties and good formability compared with the solid forming or liquid casting process. However, this process requires narrow tolerances in many steps from the feedstock production to forming process.
The wrought Al-Mg-Si 6000 series alloys have many advantages such as good formability, good corrosion resistance, high mechanical properties and good precipitation hardening behaviors compared with conventional cast aluminum alloys. The studies of wrought aluminum alloys in the semi-solid forming process are still relatively limited compared with cast aluminum alloys because of the high sensitivity of the liquid fraction to the semi-solid temperature in wrought aluminum alloys. [1] [2] [3] [4] In spite of that complication, the semi-solid forming process of wrought aluminum alloys is attractive to produce high quality products with good formability and superior mechanical properties. 5, 6) The previous research work 7, 8) indicates that the additions of Mn and Cr in the Al-Mg-Si alloys are effective to produce fine Al grains in the thixoforming process.
Nowadays, a recycling process of aluminum alloys becomes very important from the view points of the price and resources. The recycled aluminum scraps contain many kinds of trace elements. Fe is a major impurity in recycled aluminum scraps and extremely degrades properties of aluminum alloys in the manufacturing process and final products. The Mn addition to the Al-Si-Fe alloys is reported to be effective to modify the morphologies of Fe-intermetallic compounds into the more favorable Chinese-script AlFeMnSi morphology. 9, 10) Furthermore, Mn-containing dispersoids are precipitated after homogenization and contribute to produce refined -Al grains during heating and holding at the semi-solid temperature in the 6000 series alloy. 5) In this study, the semi-solid forming behaviors of the wrought Al-Mg-Si based alloys with Fe and Mn additions were investigated by the Deformation-Semi-Solid Forming (D-SSF) process. The D-SSF process consists of plastic deformation by cold-rolling to introduce high density of dislocations, which are effective to refine the new equiaxed grains by recrystallization during reheating to the semi-solid temperature. 2, 7, 8, [11] [12] [13] At the semi-solid temperature, low melting points intermetallic compounds and -Al grain boundaries start to melt and the solid grains become surrounded by the liquid phase. The small solid grains can improve the formability of the semi-solid state and consequently enable to produce high quality near net shape products. The fine solid grains with the size less than 100 mm and the adequate liquid fraction are required to take the benefit of the semi-solid forming process. [2] [3] [4] The plastic deformation directly contribute to crush large size intermetallic compounds such as the long plate-like -AlFeSi compound commonly formed with impurity Fe into fine fragmented dispersoids. The modifications of Fe-intermetallic compounds by the D-SSF process and alloy composition modification are demonstrated in this study.
Experimental
The chemical compositions of the Al-Mg-Si based alloys in this study are shown in Table 1 . The high contents of based Mg and Si are in the standard compositions of the 6082 alloy. Fe, Mn and Fe/Mn combined additions were used to investigate the effect of various intermetallic compounds on the spheroidization of the -Al grains at the semi-solid state and the resultant intermetallic compounds in the 6000 series alloy. Figure 1 illustrates the experimental procedure of the Deformation Semi-Solid Forming (D-SSF) process. The alloy melt under an Ar protective atmosphere was cast into ingots using a cast iron mould. Then the ingots were homogenized at 530 C for 86.4 ks in a salt bath. After that they were cut into 10-15 mm thickness and deformed by cold-rolling between 40-70% reduction ratios at room temperature. Finally, the specimens with the dimension of 5 Â 8 Â 8 mm 3 were heated to the semi-solid temperature with a horizontal infrared imaging furnace, with the heating rate of 90 C/min to 575 C and subsequently 30 C/min to the semi-solid temperatures as shown in Fig. 2 at 634 and 637 C for 600 and 300 s, respectively. The semi-solid specimens were subsequently cooled with different cooling rates (water quenching, air cooling and cooling at 30 C/min) to the room temperature for microstructure observation. The specimens were polished and etched by the dilute Tucker's reagent and characterized with an optical microscope for microstructural observation and measurement of sizes of the intermetallic particles and -Al grain. The characteristics of the semi-solid microstructure were evaluated by the image analysis with the Scion Image software. The average grain size of -Al (D) and shape factor (F) are defined as
where A is the grain area and P is the grain perimeter. The solidus and liquidus temperatures were determined by a differential scanning calorimetry (DSC). The 40.0 mg samples were measured in a stainless steel pan at the heating rate of 5 C/min. The reference cell was an empty stainless steel pan. The liquid fraction was calculated by the area of an endothermic peak of the liquid phase. The in-situ observation of microstructure during semi-solid heating was conducted by a laser scanning microscope. The specimen with a 5 mm diameter was heated in a sapphire pan under the Ar gas atmosphere with the heating rate of 50 C/min.
Result and Discussion
3.1 Liquid fraction evaluation by DSC and microstructure The measured DSC curves for the alloys are shown in Fig. 3 . The solidus, liquidus temperatures and the semi-solid temperature ranges determined from the DSC results are summarized in Table 2 . The endothermic peaks indicated by arrows at around 580 C in these alloys correspond to the melting of Mg 2 Si. The liquid fraction was calculated as a function of temperature from the area of the endothermic peak of the liquid phase under the normalized line. The calculated liquid fractions of four alloys at 637 C are summarized in Fig. 4 . The Fe-free alloy has the lowest liquid fraction of 42% and the highest liquidus temperature due to its least amount of alloying elements. The Mn-added and Fe/Mn-added alloys have liquid fraction of 46% and the Fe-added alloy has the highest liquid fraction of 63%.
The liquid fraction of the water quenched semi-solid microstructures are summarized in Table 3 . The maximum liquid fractions are 19%, 23%, 26% and 37% in the Fe-free, 14) observed a lower liquid fraction in the delay-quenched semi-solid specimen than the rapidquenched semi-solid specimen. Due to the low amount of alloying element of the wrought Al-Mg-Si alloy, unlike in cast aluminum alloy, some delay during quenching of the semi-solid heated specimen from the horizontal image infrared furnace into water results in apparent decreased liquid fraction by microstructural observation compared with the heat absorption measurement by the DSC test. In order to get the accurate liquid fraction at the semi-solid temperature by microstructure observation, an adequate rapid quenching technique is required to avoid the growth of the primary solid -Al toward the liquid phase which can result in the underestimated liquid fraction. Moreover, the consideration and evaluation of the intermetallic particles as the liquid phase can be confusing, because of the thermal stability of intermetallic compounds in semi-solid state. For example, some intermetallic compounds such as Fe-containing particle are thermally stable during heating to the semi-solid temperature. Figure 5 shows the remaining Fe-intermetallic compounds after semi-solid heating to 637 C with isothermal holding time of 10 s. These compounds are usually solid phase and distributing in the liquid phase. However, the Feintermetallic compounds become completely melt after long holding time for 300 s.
Deformation process by cold-rolling
In the thermo-mechanical route of thixoforming process, 2) the deformation process is required to introduce strain energy and high density of dislocations in order to stimulate the recrystallization and resultant spheroidization in the semisolid state. The deformation process was performed by cold-rolling at room temperature. The maximum thickness reduction ratios in each alloy (60% in Fe-free, 40% in Feadded, 70% in Mn-added and 60% in Fe/Mn added alloys) were conducted before the specimens broken. The wrought Al-Mg-Si 6000 series alloys are well known as their excellent formability for the production of aluminum sheet and extrusion products. However, the presence of high Fe content of 1 mass% in the Fe-added alloy results in the formation of coarse Fe-intermetallic compounds and consequently degrades the formability. Good Fe-added specimens with some initiated cracks at the edge were obtained with 40% cold-rolling which was considered as maximum in this experiment. With further increased rolling ratio to 60%, the specimen becomes broken with severe cracks. The Mn-addition can improve the formability of the high Fecontaining Al-Mg-Si alloy with maximum 60% cold-rolling ratio. Generally, Mn is intentionally added to wrought aluminum alloys in order to improve the formability. Furthermore, Mn can substitute Fe in the AlFeSi compounds during crystallization and modify the harmful coarse Fecontaining compounds into more favorable Chinese-script AlFeMnSi-containing compound.
3.3 Effect of Fe and Mn additions on semi-solid microstructures The effects of various intermetallic compounds in the four alloys on the average grain size, shape factor and liquid fraction were evaluated based on microstructure observation after the semi-solid heating and are summarized in Table 3 and Fig. 6 .
Semi-solid microstructures of the Fe-free alloy
The as-cast microstructure consists of Mg 2 Si in the eutectic regions in Figs. 7(a) and (b) . After homogenization, Fig. 7 (f). Mg 2 Si particles are mainly located at the original grain boundaries, similarly as in the ascast specimen. The melting of Mg 2 Si and grain boundaries of the recrystallized grains was investigated by a laser scanning microscope as shown in Figs. 8(a)-(c) . The Mg 2 Si particles remain as the solid particles at 560 C ( Fig. 8(a) ) which is below the solidus temperature. Mg 2 Si starts to melt into the liquid phase at the eutectic temperature around 575 C and becomes a liquid pool at 590 C with the melting of recrystallized grain boundaries (Fig. 8(b) ). No other solid second phase particles should be remaining beyond the solidus temperature in the Fe-free alloy. With increased temperature at 620 C in Fig. 8(c) , the liquid regions continuously expand around the liquid pool of Mg 2 Si and recrystallized grain boundary as the melting of the solidliquid interface and dissolution of solute atoms in the Al matrix. The properties such as surface wetting of the liquid phase to separate and decelerate the coalescence of the solid -Al grains can be varied by the alloying elements and are still unclear in the semi-solid forming process. After semi-solid heating at 637 C for 300 s, the average grain size of -Al is 123 mm at 40% cold-rolling in Fig. 9(a) and slightly decreases to 110 mm at 60% cold-rolling in Fig. 9(b) . There are large amounts of the entrapped liquid phase inside solid grain as shown in Fig. 9 (c) as a result of grain coarsening around a liquid region and eventually enclosed liquid pool by a solid region.
Semi-solid microstructures of the Fe-added alloy
The as-cast microstructure in Figs. 10(a) and (b) consists of the Chinese-script -AlFeSi, plate-like -AlFeSi and Mg 2 Si compounds in the eutectic regions. During homogenization, Mg 2 Si is partially dissolved into the -Al matrix, while Fe-containing compounds do not dissolve into the Al-matrix as shown in Figs. 10(c) and (d) . The shape of -AlFeSi becomes spheroidzed whereas the long -AlFeSi morphologies remain unchanged after homogenization. The deformed microstructures are clearly shown in Figs. 10(e) and (f). The long -AlFeSi compounds are finely fragmented after 40% cold-rolling. The average length of the long platelike -AlFeSi particles is refined from 6.9 mm in as-cast specimen to 1.6 mm after 40% cold-rolling.
After semi-solid heating at 637 C for 300 s, the averageAl grain size is 76 mm as shown in Fig. 11(a) , which is much smaller than that in the case of the Fe-free alloy in Fig. 9(a) . The fragmented Fe-compounds associated with high density of dislocations are useful to produce fine recrystallized -Al grains and prevent grain coarsening during heating to the semi-solid temperature. During heating to the semi-solid state, Fe-containing compounds are stable as the solid particle in the experimental rapid heating condition unlike the complete melting of Mg 2 Si in the Fe-free alloy. Figure 5 shows the remaining Fe-compounds after semi-solid heating at 637 C for 10 s. The finely fragmented Fe-compounds at low temperature become coarsen during reheating to the semi-solid state and remain as a thermally stable particle for a short period in this condition. These remaining Fe-compounds effectively prevent the coarsening of the -Al grain. Nevertheless, Fe-compounds completely melt into the liquid phase after a long holding time for 300 s in Fig. 11(b) . There is only few amount of entrapped liquid phase inside the solid -Al grains in the Fe-added alloy.
Hence, the fragmented Fe-intermetallic compounds are useful to refine the -Al grains by this process. However, the deformation ratio in this alloy is limited because of low formability due to the high amounts of coarse Fe-intermetallic compounds.
The formation of Fe-intermetallic compounds in the final microstructure can strongly affect the mechanical properties. One major parameter to control the morphologies of Feintermetallic compounds is the cooling rate from the liquid state.
15) Fe-intermetallic compounds can dissolve into the liquid phase at high semi-solid temperature and then crystallize again during cooling. After semi-solid heating at 634 C for 600 s the specimens were cooled down at different cooling rates. The effects of cooling rates on the crystallized Fe-containing compounds in the Fe-added alloy are shown in Figs. 12(a)-(c) . At the high cooling rate by water quenching, fine intermetallic compounds crystallize in the liquid region as shown in Fig. 13(a) . With decreasing cooling rate by air cooling, high amounts of Chinese-script -AlFeSi compounds are observed in Fig. 12(b) . Large amounts of long plate-like -AlFeSi compounds crystallize with decreasing cooling rate at 30 C/min as shown in Fig. 12(c) . Therefore, the control of the cooling rate in the Fe-added alloy after semi-solid heating strongly affects the formation of harmful -AlFeSi compounds. In order to prevent the dissolution of fine fragmented Fe-intermetallic compounds into liquid phase, lower semi-solid temperatures should be considered in this Fe-added alloy.
Semi-solid microstructures of the Mn-added alloy
The as-cast microstructures in Figs. 13(a) and (b) consist of small amounts of -Al 15 (Fe,Mn) 3 Si 2 compounds along grain boundaries. After homogenization, fine spherical and rod-like Mn-containing dispersoids are precipitated near grain boundaries as shown in Figs. 13(c) and (d) . These dispersoids are useful to refine the semi-solid grain size. 8, 11) Precipitate free zones (PFZ) are found at the grain boundaries. Figures 13(e) and (f) show deformed microstructures of 70% cold-rolled specimen. The dendritric microstructures with Mn-containing dispersoids and Mg 2 Si become heavily deformed along the rolling direction.
After semi-solid heating at 637 C for 300 s, the averageAl grain size is 98 mm at 40% cold-rolling as shown in Fig. 14(a) . Higher deformation of 70% cold-rolling is required to achieve fine -Al grains with the average grain size of 85 mm (Fig. 14(b) ). Small amounts of the entrapped liquid phase are present in the Mn-added alloy. The water quenched liquid phase is shown in Fig. 14(c) . The Mn dispersoids were reported as a thermally stable particle during heating to the semi-solid state, 11) which can decelerate After semi-solid heating at 637 C for 300 s, the average grain size of -Al is 71 mm by 40% cold-rolling and decreases to 64 mm by 60% cold-rolling as shown in Figs. 16(a) and (b) , respectively. The Mn-containing dispersoids incorporating with fragmented AlFeMnSi compounds are extremely effective to refine the -Al grains.
The Mn addition to the Al-Mg-Si-Fe alloy affects not only the formation of the Chinese-script -Al 15 (Fe,Mn) 3 Si 2 phase in the as-cast microstructure but also the crystallization of the AlFeMnSi compound after semi-solid heating. Figures 17(a)-(c) show the polyhedral -Al 15 (Fe,Mn) 3 Si 2 phase which crystallize independently of cooling rates by water quenching, air cooling and 30 C/min cooling rate, respectively. The Mn addition is very effective to modify the morphology of the Fe-intermetallic compound into the fine polyhedral compound instead of the Chinese-script shape or plate-like shape Fe-containing compounds. 16) In summary, the typical dendritric microstructures are found in the as-cast specimens as shown in Figs. 7(a) , 10(a), 13(a) and 15(a). After semi-solid heating, the spheroidizedAl grains are produced as shown in Figs. 9(a) and (b), 11(a), 14(a) and (b) and 16(a) and (b). The Fe-free alloy with the least amount of intermetallic compounds shows the largest average grain size. The Mn-added alloy with Mn-containing dispersoids produced by homogenization shows finer average grain size. The fragmented Fe-compounds are effective to refine the average grain size in Fe-added alloy. Fe as an undesired impurity is a great alternative compared with the more expensive element such as Mn to produce fine semisolid microstructure by the D-SSF process. The Fe/Mn added alloy shows the smallest average grain size, because it consists of large amounts of second phase particles from Mncontaining dispersoids and fragmented Fe/Mn-containing compounds. The effect of various intermetallic compounds as second phase particles strongly influences the recystallization and spheroidization of the -Al grain in the semi-solid state. The type, shape, size and distribution of second phase particles are well known to affect the recrystallization behavior. In the partially reheated semi-solid forming process such as the D-SSF process, the recystallization behaviors before melting temperature and subsequently in partially remelting state are still not well studied. The thermal stability and transformation of intermetallic compounds in the semisolid state must be taken into account.
Conclusions
The semi-solid microstructure control of wrought Al-MgSi based alloys with Fe and Mn additions is useful by the Deformation Semi-Solid Forming (D-SSF) process.
(1) The fragmentation of the harmful Fe-intermetallic compound into finely fragmented particle can effectively refine the spheroidized -Al grains with only 40% coldrolling. High cooling rate is preferable to refine the AlFeSi compounds after semi-solid heating at high temperature.
(2) The Mn-added alloy requires high deformation at 70% cold-rolling to produce fine -Al grains. 
